For the highest end mid-wave-infrared applications, SCD, France offers a family of cryogenically cooled detectors with background limited performance (BLIP). The matured InSb planar technology is implemented in a variety of focal plane arrays, from a 320 x 256 format with a 30 µm pitch to a 1280 x 1024 format with a 15 µm pitch, all of which are operated at 77K. A major challenge is to reduce the cooling requirements. Then substantial reductions in size, weight, and power (SWaP) can be achieved by using a smaller cooler and Dewar assembly. SCD's new epi-InSb detectors, grown by molecular beam epitaxy, have a BLIP temperature of ~100 K at F/3. This enhanced operating temperature reduces the required cooling power by ~20 % compared with the conventional 77 K operation. For a very high operating temperature, we have developed the new XBn-InAsSb detector with a 4.2 µm cut-off wavelength. This detector exhibits a BLIP temperature of ~160K at F/3 and a reduction in cooling power of ~60 %. These HOT detectors enable an improved range of solutions, including faster cool-down time and mission readiness, longer mission times, and higher cooler reliability. We can also exploit their reduced dark current to obtain an enhanced signal to noise ratio at lower operating temperatures.
INTRODUCTION
In this paper we present a short review of some of the recent developments in infrared (IR) focal plane array (FPA) technology at SCD, Israel. This technology can be divided into two broad classes which are based on essentially different physical principles, materials and processes. The first class Sb x family of narrow bandgap semiconductors. Each device is bonded with an indium pillar to a pixel of a silicon read out integrated circuit (ROIC), fabricated by standard silicon VLSI methods. The whole assembly is cooled with a miniature Stirling or Joule-Thompson cooler in order to reduce the dark current to a level significantly below the photocurrent signal produced when light is absorbed. We have recently developed and patented a new type of photovoltaic device based on InAsSb/AlSbAs hetero-structures, which we have called an XBn device. This technology can be said to supercede technologies based on homostructure photodiodes, and it has led to a substantial reduction in the FPA cooling requirement. The FPA cooling requirement is entirely eliminated in the second class of detector technology. This technology uses a silicon micro-bolometer in each pixel with a weak thermal connection to the rest of the silicon ROIC. Small temperature changes induced by the absorption of infrared radiation lead to significant variations in the resistance of a Vandium oxide resistor evaporated on the bolometer surface. The device is most sensitive in the long wave infrared (LWIR) spectral region (8-12 µm) although we shall discuss devices with a significant mid wave infrared (MWIR) response (3-5 µm), also. All of the cooled detectors that we shall discuss, both photodiode and XBn, operate in the MWIR.
Status of Cooled and Uncooled Infrared Detectors at SCD, Israel

COOLED INASSB BASED DETECTORS 2.1 Diodes and Bariodes
The MWIR 'window' in the atmosphere is important for thermal sensing because it spans optical wavelengths from 3 µm to 5 µm where all room temperature objects emit significant quantities of electromagnetic radiation. High performance photodiode FPA detectors operating in the MWIR are usually made from the semiconductors Mercury Cadmium Telluride (MCT) or Indium Antimonide (InSb). One of the limiting factors in detector performance is the 'dark current' that arises from thermal excitation of charge carriers across the semiconductor bandgap. In the 'diffusion limit' this dark current is from minority carriers excited in the photon absorbing active layer which diffuse towards the collecting contact. A diffusion limited current can be achieved in the best MCT FPAs, which are grown on expensive Cadmium Zinc Telluride substrates 1 . In contrast, even the best InSb FPAs are generation-recombination (G-R) limited 2 . In this limit, Shockley-Read-Hall traps 3, 4 , created by imperfections in the semiconductor crystal lattice, provide energy states that lie in the semiconductor bandgap. These act as 'stepping stones' for electrons and holes to pass through when they are thermally excited. In the depletion region of the diode p-n junction, a built-in electric field exists which separates the electrons and holes before they can recombine. This provides a powerful driving force for the dark current. The dark current in InSb FPAs is therefore significantly higher than in MCT FPAs.
Both InSb and MCT detectors must be cooled cryogenically, typically with a miniature Joule Thomson or Stirling cycle refrigerator. The higher dark current in InSb is usually suppressed by operating the FPA at a temperature some tens of degrees Kelvin colder than the equivalent diffusion limited MCT device. This apparent disadvantage is offset by the higher uniformity and pixel operability, together with the significantly lower cost per pixel of InSb, making it the current favourite for large scale arrays 5 . At SCD we have adopted two approaches for reducing the dark current in InSb like FPAs, in order to close the gap with MCT while maintaining all of the advantages of InSb, including scalability to large areas at affordable cost. The first approach involves reducing the concentration of G-R centres at the p-n junction of our InSb diodes, while the second uses a new patented InAs 1-x Sb x n-type 'bariode' technology to eliminate the G-R current entirely 6, 7 . Bariodes ('Barrier-diodes') can provide the same low diffusion limited dark current as MCT photodiodes with the same active layer bandgap. However, they utilize III-V semiconductor materials and also offer processing advantages.
The new n-type bariode detector 8 , also known as an XB n n detector, has a cut-off wavelength of approximately 4.1µm and is based on a heterostructure design that can be grown with high quality on commercially available substrates. The XB n n detector contains an n-or p-type contact layer made from InAs 0.91 Sb 0.09 or GaSb (X), a barrier layer made from n-type AlSb 0.91 As 0.09 (B n ), and an active layer made from n-type InAs 0.91 Sb 0.09 (n). These compositions are all closely lattice matched to GaSb, which can be used as the substrate. Figure 1 shows a schematic band diagram for an nB n n device (X = n-type InAs 0.91 Sb 0.09 ) at operating bias, where no depletion exists in the active layer. Note that all members of the n-type bariode family contain the same n-type barrier and active layer unit ('B n n'). The members of the polarity inverted p-type bariode family all contain the same p-type barrier and active layer unit ('B p p'). The latter can be realized using a Type II Superlattice as the active layer and are discussed elsewhere 9 . In both cases the barrier blocks the flow of majority carriers, while minority carriers have a clear path through the structure.
Both of our new technologies involve MBE growth. In the case of InSb diodes, a high quality homostructure is grown on an InSb substrate and diodes are isolated by etching a mesa structure through the p-n junction. Because implantation damage is avoided, they have a much lower concentration of G-R centres than our standard planar p-n junctions. The dark current is thus reduced according to the ratio of concentrations of G-R centres in the standard and MBE grown structures. This is shown schematically by the grey curves in Fig. 2 , which display typical plots of the logarithm of the dark current vs. the reciprocal of the temperature. The steeper part of each curve is diffusion limited dark current and the less steep part is G-R limited. For a given dark current the operating temperature is increased, according to the grey horizontal arrow drawn in Fig. 2 . Note that for epi-InSb the cut-off wavelength is 5.4 µm, as for standard planar InSb. In an XB n n (or XB p p) detector, the bulk G-R current is totally suppressed by excluding the depletion electric field from the narrow bandgap photon absorbing active layer material (as shown in Fig. 1 ). The black lines in Fig. 2 show a comparison between an ideal standard InAs 0.91 Sb 0.09 diode and an InAs 0.91 Sb 0.09 n-type bariode. Note that the crossover temperature T 0 between diffusion and G-R limited dark current is higher in InAs 0.91 Sb 0.09 because it has a larger bandgap than InSb 8 . Since the operating point in the bariode is only limited by diffusion, the operating temperature is increased relative to the diode, according to the horizontal black arrow drawn in Fig. 2 . In this way we have achieved InAs 0.91 Sb 0.09 bariode detector operation at F/3 with background limited performance (BLIP) at temperatures exceeding 160 K, more than doubling the traditional InSb operating temperature.
Note that in both epi-InSb and XB n n InAs 0.91 Sb 0.09 , the devices can be operated at a lower temperature, more typical of planar InSb, in which case they both have an extremely small dark current. This is good for applications where the incident photon intensity is very low and the dark current would otherwise limit the SNR.
The reductions in dark current and the corresponding increases in operating temperature that can be achieved with
System Performance vs Cut-off Wavelength
When going to shorter MWIR cut-off wavelengths, the photon flux is reduced dramatically. Combined with the small pixel area, it would seem at first sight that a higher noise equivalent temperature difference (NETD) would result and the radiometric performance would be degraded significantly at the system level. However, the short cut-off wavelength turns out to have major advantages for applications related to long range observation. In standard atmospheric conditions, the optical transmission at wavelengths shorter than that of the CO 2 absorption line (4.2 -4.4 µm) is much higher than the transmission at longer wavelengths. For example, in the ninth line of Table 2 a comparison is made between 2 detectors, one having a cut-off off wavelength of 4.9 µm and a calculated NETD of 23 mK and the other with a cut-off wavelength of 4.1 µm and a calculated NETD of 63 mK. Due to the better atmospheric transmission at shorter cut-off wavelengths, the detection ranges of both detectors are similar. It should be noted that shorter wavelengths result in smaller diffraction effects, and the resulting improvement in spatial resolution also contributes to an increased detection range.
In the rest of this section, simulations of system performance are presented for two spectral windows, 3.4 µm -4.1 µm and 3.4 µm -4.9 µm, corresponding to the sensitivity ranges for XB n n and InSb detectors, respectively (for InSb, an external cold filter is used to cut-off the radiation at 4.9 µm). In the simulations, the detector dark current in the first window is that typical of an XB n n detector operating at 150 K, while in the second it is typical of an epi-InSb detector operating at 95 K. At low environmental temperatures (-20 °C), however, the XB n n temperature is lowered to 140 K, in order to reduce the dark current further and improve the signal to noise ratio (SNR).
The dark current behaviour of the two detector families will be discussed in detail in the two sections following this one.
For the system level performance, we first calculate the SNR as a function of the cut-off wavelength. This calculation takes atmospheric absorption into account, which reduces the signal especially for long target distances, and also atmospheric emission and the emission of the optics, which both contribute to the noise. In the following calculations, two different systems are considered. One is a hand held system with F/4, 200 mm optics, operated at 60 Hz and an integration time of 16 msec. The other system is for long range observation applications with F/5.5, 900 mm optics. This system works at a slower frame rate of 25 Hz with an integration time of 40 msec. In Fig. 3 , the SNR is presented versus cut-off wavelength (a) for the hand held detector system looking at scenery 5 km away, and (b) for the long range observation system looking at scenery 15 km away. For each system, three environmental temperatures are considered, -20 °C, 0 °C, and 27 °C, and a temperature contrast of 1 °C is assumed in the landscape. In the simulation the same temperature is used for the landscape, the atmosphere and the optics. U.S. Standard atmospheric absorption spectra are used for hot scenery at 27 °C and a sub-arctic atmosphere is used for cold environmental temperatures of 0 °C and -20 °C.
It is possible to see from Fig. 3 , that there is an improvement in the SNR at first, as the cut-off wavelength increases, but then the SNR decreases near the CO 2 absorption line, due to the combined effects of stronger absorption and stray light from the atmosphere that increases the noise without contributing to the signal. As the cut-off wavelength is increased further, the SNR starts to increase again. At a high environmental temperature, it is apparent from Fig. 3 , that the SNR in the 3.4 µm -4.1 µm window is better than SNR in the full MWIR window. At lower scene temperatures however (0 °C and -20 °C), the effect of the absorption of the atmosphere above the CO 2 line improves and total flux also plays a dominant roll, so the resulting SNR is higher in the full MWIR window. Nevertheless, it is clear that the SNR in the 3.4 µm -4.1 µm band is greater than 4 in all cases, which is sufficient to allow a good quality image even in low temperature conditions. We believe that SNR=2 is the threshold for getting a landscape image in the system.
In Table 2 , the detection and identification ranges at 90 % probability are compared for two detectors in the two spectral windows (3. Table 2 . A comparison between the detection and identification ranges at 90 % probability for two detectors (short and long range) in two spectral windows (3.4 µm -4.1 µm and 3.4 µm -4.9 µm).
2.3 m and a human target 1.5 m × 0.5 m, with temperature differences relative to their surroundings of 1.25 °C and 5 °C, respectively. The same environmental temperature range is considered as above (-20 °C, 0 °C, and 27 °C). It is apparent from Table 2 , that in most scenarios both spectral bands have similar performance, except for the high temperature and long range application, where the spectral band of 3.4 µm -4.1 µm has an advantage due to relatively high atmospheric absorption above the CO 2 line in a standard atmosphere.
Performance of Epi-InSb Diode FPA
The temperature dependence of the dark current in planar implanted InSb and Epi-InSb FPAs with a 15 µm pitch is compared in Fig. 4 . The Epi-InSb FPA was fabricated by mesa etching an InSb epitaxial p-n structure grown on a 3' InSb substrate in a Veeco Gen 200 MBE machine. Both the planar and epi-InSb FPAs were bonded to SCDs Pelican ROIC (640 × 512, 15 µm pitch). For ease of comparison, the dark current has been normalized to that at the epi-InSb FPA operating temperature, T = 95 K (1000/T = 10.53). The lines through the points are fits to the data based on the G-R formula:
exp(-∆E/kT) where k = Boltzman's constant. In both cases, ∆E = 0.12 eV, which corresponds to approximately half the bandgap of InSb at low temperatures, exactly as expected for G-R limited behaviour 10 . The prefactors, I 0 , are in the ratio 17.3, which represents the factor by which the dark current has been decreased by going to the MBE based technology. Note that the same dark current is achieved at 80 K in planar InSb and 95 K in epi-InSb.
Since the quantum efficiency (QE) is comparable (> 80%) for both technologies, the reduction of the dark current in epiInSb allows the FPA operating temperature to be increased to 95 K with no loss of performance. The equivalence of performance is demonstrated in the next two figures, which compare the NETD distributions and the stability of the residual nonuniformity (RNU) to temperature drift (so called V-curves), respectively, for Pelican planar and epi-InSb FPAs. In Fig. 5 , the NETD distributions are shown for planar InSb at 80 K, and epi-InSb at 95 K, measured in front of a 45 °C black body with an F/4.1 aperture and a 60 % well fill. They are virtually identical. In Fig. 6 , the V-curve for epi-InSb at 95 K is similar to that of planar InSb at 80 K. The V-curve is a plot of the RNU (at a well fill of 45 %) as the FPA temperature is varied from its calibration temperature. The calibration temperature is the temperature at which the minimum of the V-curve is located. The calibration was performed using a standard two point non uniformity correction 11 , at well fill values of 30 % and 60 %, respectively. The V-curve is a measure of the stability of the FPA image quality with respect to temperature drift, where a wider curve corresponds to a greater stability. Epi-InSb at 95 K has a width of 7 K at RNU=0.1% and is actually more stable than planar InSb at 80 K, whose width is 4K. At 80 K the V-curve for epi-InSb is much wider than that for planar InSb, indicating the robustness of its RNU to temperature drift.
In Fig. 7 we show the temperature dependence of the NETD at F/4.1, and the pixel operability, in an epi-InSb Pelican FPA. It may be seen that the NETD hardly changes over a range of temperature up to about 100 K. Similarly, the number of defects, determined by SCD's standard production line criteria, essentially does not change in this temperature range. The pixel operability remains above 99.8 % up to 100 K. This shows that the epi-InSb Pelican detector has a useful operating range up to, and even beyond, 100 K.
An important issue in FPA image quality is pixel cross talk. This is the fraction of the light signal falling on a given pixel that is detected by one of its neighbours. It is most conveniently quantified by the Modulation Transfer Function (MTF). The MTF is the amplitude of a spatially periodic signal detected by the FPA as a function of the signal's spatial frequency. Details of the method of its measurement are given in Shtrichman The final proof is in the image itself, examples of which are given in Fig. 9 for a Pelican epi-InSb FPA with an aperture of F/4.1, at temperatures of 95 K and 110 K, respectively. Even at 110 K, the image quality is very good, and only begins to degrade noticeably above 120 K.
Performance of XB n n InAsSb Bariode FPA
Except where stated otherwise, the InAs 0.91 Sb 0.09 n-type bariode structures discussed in this section were grown lattice matched to 2″ or 3″ GaSb substrates, in a Veeco Gen III MBE machine. The principal layers in the bariode structures were a The mean dark current in our FPAs shows identical behaviour to that reported previously for single devices 13 . It can be fitted to the standard dependence for Diffusion limited behaviour of the form J ∝ T 3 exp(-∆E/kT), yielding an activation energy of ∆E~336 meV. It was shown that a correction of 36 meV must be subtracted in order to take into account the dependence of the bandgap on temperature and thereby deduce the bandgap energy 10, 14, 15 at 150 K. This procedure yields ∆E (150 K) ~ 300 meV, which corresponds very well to the expected bandgap energy of 302 meV (bandgap wavelength ~ 4.1 µm) for lattice matched InAs 1-x Sb x 15 . The diffusion current can be used to deduce a value of ~700 ns for the minority carrier lifetime, and a value of ~ 50 µm for the bulk diffusion length 10, 14, 15 . At 150 K, the typical operating dark current density is 2-3 X 10 -7 A/cm -2 , corresponding to a pixel dark current of just a few tenths of a pico-ampere for an FPA with a 15 µm pitch. This value is demonstrated in the distribution shown in Fig. 10 for a InAs 0.91 Sb 0.09 Pelican n-type bariode FPA at 150 K. It has a mean value of 0.2 pA and a FWHM of 15 %. This mean value is about 50 times lower than the photocurrent at F/3 for a QE of 70 % between 3 µm and 4 µm. Such a QE value is quite realistic, and will be demonstrated below. It suggests that we can achieve very good BLIP operation at 150 K, and that the detector should remain in BLIP operation at F/3 up to ~175 K, when the photocurrent and dark current become equal. Figure 11 shows the temperature dependence of the NETD at F/3.2, and the pixel operability, for a 15 µm pitch Pelican D InAs 0.91 Sb 0.09 n-type bariode FPA. The operability was determined with similar criteria to those used for the epi-InSb FPA shown in Fig. 7 . The NETD and operability only begin to change above 170 K, consistent with the BLIP temperature of 175 K estimated above.
Examples of some images registered with a similar Pelican D bariode FPA to that shown in Fig. 11 are presented in Fig. 12 , for an FPA operating at temperatures between 103 K and 225 K at an aperture of F/3.2. The image does not show any obvious signs of degradation until temperatures above 180 K -190 K. These temperatures are consistent with the estimate made above for a BLIP temperature of ~175 K. In this detector, we have demonstrated a NETD of 17.5 mK, as shown in Fig. 13 . Using a standard two point non uniformity correction and standard criteria for the identification of defective pixels, similar to those used in SCD's matured InSb detectors, the The mean spectral response of the bariodes of an nB n n FPA bonded to SCD's Blue Fairy ROIC (30 µm pitch) was measured at 150 K. The spectrum is shown as a dotted line in Fig. 14 (a) , where it is compared with the result of an optical transfer matrix simulation (solid line) 14 . The bariode had a 2.6 µm thick AL and an ARC with an optical thickness of 1.14 µm. The metallic contact on the top of the mesa had a low optical reflectivity, so the device was essentially a one pass device. The agreement between measured and simulated spectra is very good when an internal quantum efficiency of 91 % is used. By increasing the reflectivity of the top contact in the simulation to ~95 %, increasing the AL thickness to 5 µm and by adjusting the thickness of the ARC for optimum performance, the upper spectrum shown in Fig. 14 (b) is obtained. The internal quantum efficiency was also increased to 95 % since the lower value fitted above is smaller than typical. Such a detector has a cutoff wavelength of ~4.15 µm at 50 % of maximum response, . We have performed a system analysis which shows that the shorter cut-off wavelength actually confers some advantages on systems designed for long range detection and identification, while for shorter ranges, the system performance is comparable in most situations. There are some applications, however, where the full MWIR window is required in any range. In epi-InSb diodes (x=1), the G-R current is reduced by a factor of about 17, relative to our standard planar FPA technology. Epi-InSb FPAs operate in the temperature range 95-100K with the same cut-off wavelength and performance as and a QE of >70 % between 3 µm and 4 µm. Fig. 14 (b) also shows how the QE and cut-off wavelength of an optimized detector increase with AL thickness. In addition to the lattice matched InAs 0.91 Sb 0.09 n-type bariode FPAs grown on GaSb substrates, discussed so far, we have also begun investigations of non-lattice matched bariodes grown on GaAs substrates 16 . High quality GaAs substrates can be supplied commercially at lower cost and with diameters greater than the maximum 4″, currently available for GaSb. We have found that by first growing a suitable thick buffer layer we can achieve comparable performance to the lattice matched FPAs, with negligible loss of pixel operability. The lines in Fig. 15 
Summary of Results on Diodes and Bariodes
At SCD we have developed two advanced technologies for raising the operating temperature of our MWIR FPAs (a)
for planar InSb. In XB n n InAs 0.91 Sb 0.09 bariodes, the G-R current is totally suppressed and the bariode FPAs operate at 150-160 K. At F/3, they exhibit BLIP performance up to ~175 K. The bariode detector arrays obey MCT Rule 07 very well and exhibit dark currents similar to the best MCT diodes with the same active layer bandgap. Moreover, they can be grown on relatively low cost 3″ or 4″ GaSb substrates or even larger GaAs substrates, making them a particularly attractive prospect for large scale, low SWaP, staring arrays.
Both epi-InSb and XB n n InAs 0.91 Sb 0.09 FPAs may also be operated below their standard operating temperatures, in order to reduce the dark current to a negligible value. This is useful in applications where the incident photon flux is particularly low, or where the FPA temperature is liable to drift during operation.
MICROBOLOMETERS
Since the introduction of its first µ-Bolometer detector BIRD384 in 2005, SCD has expanded the product portfolio in order to address a wide spectrum of applications. For the well established 25 µm pitch family we hold two basic formats (384 x 288 and 640 x 480) with several sensitivity grades. The tradeoff is between sensitivity and pixel time constant. Highly unstable platforms may require a relatively short time constant, whereas stable platforms can exploit the superior performance that is accompanied by longer ones. We have demonstrated successfully the use of our very high sensitivity (VHS) 25 µm pitch detector with F/2.4, for long range observation systems.
Most of the µ-Bolometer detectors are optimized to work in the LWIR band, to enable thermal imaging. For other applications such as situational awareness, we have developed the wide-band (WB) detector, where the detector absorption is optimized to both the MWIR and LWIR bands.
The 17 µm pitch family consists of a 640 x 480 (VGA) format that was introduced 17 in 2010. This is the leading candidate for next generation platforms such as thermal weapon sights (TWS), driver vision enhancers (DVE) and other mid range applications. This family is currently being expanded with the high sensitivity (HS) grade and with the addition of two new formats: First, a compact 384 x 288 (QVGA) version with a minimal footprint that will address battery operated size weight and power (SWaP) sensitive applications, and a large 1024 x 768 (XGA) FPA for platforms requiring high resolution and a wide field of view (FOV). Systems based on this array have the potential to compete with older and more complex cooled 2 nd generation scanning arrays, such as MCT-TDI288x4.
The remainder of this section is organized as follows: In the first part we describe the main features and radiometric performance of three detectors: the VHS detector and its demonstrator, the WB detector and demonstrators from the 17 µm pitch family. In the last part we present TRM3 system simulations, comparing the predicted performance of an XGA based system with state of the art 2 nd generation scanning LWIR arrays. It will be shown that similar and even better recognition ranges may be achieved with the µ-Bolometer detector under various system constraints. This is partly due to the recent introduction of the high sensitivity 17 µm pixel (HS) that will be described in detail.
25 µm VHS Detector for Long Range Applications
The development of the 17 µm pixel has enabled us to optimize the process for the 25 µm technology and to improve the temporal NETD. The latest improvement was achieved by optimizing the membrane structure, enhancing the pixel fill factor at the expense of reducing the contact area and the critical dimensions of the bolometer.
Very high sensitivity (VHS) 25 µm pitch FPAs, were characterized, providing NETD < 15 mK @ F/1, for a 30 µsec line integration period. The thermal time constant of the pixel is < 20 msec, which is suitable for a 30Hz frame rate system. In order to validate the mechanical integrity, several samples were packaged and then underwent the strongest thermal weapon sight (TWS) environmental tests. These tests were successfully completed and included various vibration cycles, mechanical shocks and aggressive thermal cycles.
In order to demonstrate the use of the VHS detector for long range application, we designed and integrated a single FOV, long range observation system with F/2.4, IFOV of 79 µrad and a clear aperture of 132 mm ( Fig. 16 (a) ). We have measured (including the lens) NETD < 70 mK with a VGA detector. The combination of an exceptionally small IFOV and low temporal system NETD enables the recognition of a human and vehicle at fairly large distances, as shown in Fig. 16 (a) .
WB Detector for LWIR and MWIR
Most of the µ-Bolometer detectors are optimized to work in the LWIR band, to enable thermal imaging. For other applications such as situational awareness, we have developed the wide-band (WB) detector, where the pixel absorption is tuned to both the MWIR and LWIR bands, as described in Fig. 17 . Both detectors (WB and regular LW) have a Germanium window with AR coating. For the WB detector the window transmission between 3-14 µm is above 90 %, and for the standard detectors the window transmission between 8-14 µm is above 90 %. The WB detector can be used as a dual band detector (MWIR and LWIR). This mode enables us to benefit from the two bands (without being able to separate the signal from the two bands), the LWIR band for thermal images of a scene at ~300 K, and the MWIR band for detecting specific events in this spectral range.
The WB detector can also be used as a MWIR detector, with the addition of a 'hot' MWIR filter, at the system level. In this mode the thermal image is relative poor, due to the lack of which is also the typical value for our 25 µm production line 19 .
Another important aspect is the ability to operate the detector with the TEC-LESS or 'Power Save' mode 20 . In Fig. 19 we show the variation of the NETD as a function of FPA temperature. The behavior is relatively smooth with a plateau below 40 0 C, the plateau continues even for lower FPA temperatures. For higher FPA temperatures there is some deterioration which is due mainly to the increased contribution of the ROIC floor noise. Still, even at 70 °C the NETD is lower than 60 mK. Since the detector was launched, it has been integrated successfully into various video engines and cameras providing state of the art performance 21 .
In the past year special effort was devoted to the improvement of the temporal NETD or SNR of the 17 µm pitch pixel. This was achieved via pixel architecture and process modifications, and the outcome is the 17 µm High Sensitive (HS) pixel. In Fig. 20 we demonstrate the temporal NETD distribution measured for F/1 optics at a frame rate of 60 Hz. The peak of the distribution is around 23 mk for the HS version and 40 mk for the standard detector version. The HS penalty is manifested in a longer time constant, but due to the relatively thermal radiation in the MWIR band from targets at 300K.
17 Micron VGA for Mid-Range Applications
The basic architecture of the ROIC was presented elsewhere 18 . Although it follows closely the successful framework of the previous 25 µm pitch designs, the new capabilities of the 0.18 µm CMOS process support an internal 'coarse NUC' (Compensation) mechanism and a more sophisticated interface management unit. This in turn considerably facilitates the user interface and was implemented in all 3 designs (QVGA, VGA, and XGA).
One of the key challenges in scaling down the pixel dimensions was to retain the high repeatability and operability of the mature 25 µm product line. The results are shown in Fig. 18 where we demonstrate the operability collected for several production batches consisting of close to 600 VGA detectors. The majority of the detectors reside above 99.9 %, low thermal capacitance 22 it is still below 12 msec.
17 Micron QVGA for Low 'SWaP' Applications
In this section we describe the next product of the 17 µm family that is currently in the final stages of development. It is a compact 384 x 288 (QVGA) version with a ceramic package and minimal footprint. This detector will address the fast growing segment of low SWaP battery operated applications (e.g. goggles, miniature weapon sights, etc.).
The target specification is summarized in Table 3 . The main design goals are as follows:
Size: small package footprint (roughly 20 x 20 cm • 2 ). Weight < 10 gm.
• Power: TEC-LESS operation with power dissipation • lower than 230 mW @ 60Hz. Affordable for mid-end and high volume applications • Special attention was devoted to size and weight reduction. The reduction was achieved by several means. Transformation to a ceramic package allows for a smaller pitch between the pins. We have also eliminated the need for a vacuum pipe and pumping will be done in an especially designed vacuum assembly machine. The package height was reduced as well due to the elimination of the TEC. The reduced weight compared with a metallic package is important for various applications. The package is shown in Fig. 21 .
Based on our current, rest array characterization results we predict a temporal NETD better than 40mK @ F/1, 120 Hz. The maximum frame rate is 100 Hz (120 for 320 x 240) with a single video output, and 200 (240) Hz with 2 video lines. This is an important feature for some applications that demand high frame rates (e.g. MWS). The product will also utilize the advantages of the advanced 0.18 µm CMOS technology in terms of power and flexibility.
The 'TEC-LESS' performance is based on the superior uniformity of the VO x process and the small deviation of the temporal NETD with FPA temperature as depicted in Fig.19 .
17 Micron XGA Detector for Long Range Sights
Long range sights or targeting systems are extremely demanding due to the combination of high spatial resolution, low temporal NETD and a wide enough field of view. For practical systems it is very difficult to support these constraints simultaneously: high resolution (small IFOV) translates into a large focal length, whereas low system NETD limits the f-number. As will be shown in the next section, if we limit the system clear aperture to a reasonable diameter (e.g. 120 mm) the f-number should be at least 1.5 and even higher in order to provide a high enough focal length and resolution. Such a high f-number is challenging for micro Bolometer technology in terms of sensitivity. For this purpose SCD is developing an XGA (1024 x 768) FPA based on the 17 µm HS pixel technology. Table 4 summarizes the specification of this detector. It follows closely the existing ROIC architecture (including internal compensation) with the necessary adjustments that are due to the larger format. The improved pixel design (HS) supports a temporal NETD lower than 35 mK @ F/1, 30Hz which is extremely aggressive compared with current state of the art detectors 23 .
One of the first samples was integrated into a demonstration camera with a 210 mm focal length and F/1.5 optics. Proprietary algorithms were employed in order to maintain the spatial noise (RNU) below the temporal noise. The image is shown in Fig. 22 . The combination of an exceptionally small IFOV of 80 µRad and temporal system NETD of roughly 60 mK enables the recognition of small details at fairly large distances. The product is currently in the final stages of qualification.
System Performance Simulations
The XGA detector has the potential to replace or upgrade existing cooled LWIR scanning systems. In order to validate this assumption, we have performed TRM3 system Table 5 summarizes the system parameters for the XGA and typical SADAII 288 x 4 time delayed integration (TDI) cameras. Both systems are assumed to operate at a 30 Hz frame rate. For the sake of comparison we assume identical optical transmission (approximately 80 %) and display properties.
The TRM3 calculation results for the systems described in Table 5 are shown in Fig. 23 . We present the target recognition range as a function of atmospheric extinction for the µ-Bolometer XGA and MCT TDI 288 x 4 array respectively. The global RNU is assumed to be 70% of the NETD. This is a remarkable challenge for µ-Bolometer systems and requires special image processing algorithms 25 . These simulations show that under a wide range of atmospheric conditions the XGA performs better than the TDI 288x4. The margin diminishes for poorer atmospheric conditions. The XGA detector also supports a considerably larger FOV which is extremely important for high end applications.
Another important segment is remote weapon stations where we consider human recognition. In this case the target size is 0.5 m x 1.6 m with ΔT = 5 °C. Fig. 24 presents the calculated recognition range for a 120 mm aperture. The range is slightly above 1 km and, as expected, it is hardly affected by atmospheric conditions.
In conclusion, high-end µ-Bolometer systems hold great potential for replacing or upgrading 2 nd generation cooled scanning systems. The introduction of µ-Bolometer technology should reduce the 'cost of ownership' of such systems dramatically, and as a result increase their proliferation.
Summary of Microbolometers
We have presented an overview of SCD's state of the art microbolometer VO x uncooled detector arrays.
The VGA 25 µm pitch VHS detector and the F/2.4 demonstrator, exhibit performance comparable with traditional second generation cooled LWIR detectors. The WB detector is ideal for applications such as situational awareness, where MWIR signal detection is important.
Three new detectors cover a wide range of applications: 17 µm VGA for mid-range TWS and hand held systems, 17 µm QVGA for low SWaP applications, and 17 µm XGA format for long-range large FOV sights.
TRM3 simulations have been performed in order to compare the expected system performance of an XGA microbolometer detector with 2 nd generation scanning MCT LWIR 288 x 4 TDI arrays. The calculations show that similar recognition ranges may be achieved under various system constraints.
CONCLUSIONS
High end detector arrays at SCD with low NETD at medium and large F/numbers are based on InSb diodes (λ C = 5.4 µm) and XB n n InAsSb bariodes (λ C = 4.1 µm). Epi-InSb diodes have a reduced G-R dark current while in the patented XB n n architecture the G-R dark current is totally suppressed. By reducing the dark current, the operating temperature of the detector can be raised, leading to significant reductions in the SWaP figure of the complete IDCA. In epi InSb operating at 95 K, the required cooling power is reduced by about 20 % and this reduction increases to 60 % for InAs 0.91 Sb 0.09 bariode detectors which operate at 150 K. The result is an improved range of solutions for a wide range of applications, including faster cool-down time and mission readiness, lower cooling power, higher cooler reliability, and more compact detectors for volume-critical applications. Pelican or Pelican D, 15 µm pitch, epi-InSb FPAs are now in production at SCD. 15 µm pitch XB n n InAs 0.91 Sb 0.09 bariode FPAs will be in production from the second quarter of 2013.
Microbolometer detectors operate with low NETD at room temperature, with small or medium F/numbers. A VGA 25 µm pitch VHS detector exhibits performance at F/2.4 comparable with traditional second generation cooled LWIR detectors. The WB detector is ideal for applications such as situation awareness, where MWIR signal detection is important. Three new detectors cover a wide range of applications: 17 µm VGA for mid-range TWS and hand held systems, 17 µm QVGA for low SWaP applications, and 17 µm XGA format for longrange large FOV sights.
Using TRM3 simulations we have shown that in many applications the shorter cut-off wavelength of the XB n n detector is not a disadvantage because the reduction in photon flux is compensated by the higher transmission of the atmosphere in the 'blue' MWIR window. Thus similar detection and recognition ranges are found in both InSb diode arrays and InAsSb bariode arrays under a wide range of conditions. Similarly we have shown that uncooled microbolometer arrays can exhibit similar recognition ranges to those of cooled 2 nd generation MCT LWIR 288 x 4 TDI arrays. Hence, XB n n arrays can perform many of the roles traditionally performed by InSb arrays, and high-end microbolometer systems have the potential for upgrading 2 nd generation scanning systems, in each case, with many cost and reliability related benefits of a smaller, lighter and lower power system.
